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Abstract
Magnetooptical measurements of a quasi-two-dimensional (q2D) organic conductor (BEDT-
TTF)2Br(DIA) (DIA=diiodoacetylene) were performed using a cavity perturbation technique with a 
millimeter vector network analyzer (MVNA). Harmonic resonances were observed periodically as a 
function of the inverse field up to the 7th order. This is the first observation of higher-order 
harmonics up to the 7th order in an organic conductor. The observed resonance is assigned as a 
periodic orbit resonance (POR) which arises from a q2D elliptic Fermi surface (FS). The obtained 
effective mass (4.7me) is consistent with Shubnikov-de Haas measurements. Temperature 
dependence of the spectra observed in two different sample configurations will be presented.
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Quasi-two-dimensional (q2D) organic conductors 
(BEDT-TTF)2X, where X stands for anions, have attracted 
considerable interest, because their physical properties change 
with various anions. For this reason, the Fermi surface (FS) 
topologies of these salts have been studied by various high 
magnetic field techniques, including measurements of de 
Haas-van Alphen (dHvA) oscillations,  Shubnikov-de Haas 
(SdH) oscillations and angle-dependent magnetoresistance 
oscillations (AMRO). Another useful technique is 
magnetooptical measurements, and a few examples have been 
performed for the organic conductor.1-9) For example, a-
(BEDT-TTF)2KHg(SCN)4 is a very interesting organic 
conductor. It has an antiferromagnetic order below 12 K 
which is thought to be caused by a spin density wave (SDW) 
formation.10) Although a recently proposed B-T phase diagram 
based on magnetic torque measurements or NMR 
measurements favors a charge density wave (CDW) 
scenario,11,12) there still exists no clear evidence for a lattice 
modulation. Therefore, the ground state of this phase is quite 
complex and is still under discussion. We have reported 
magnetooptical measurements of this salt and observed four 
cyclotron resonances (CR) in which each effective mass was 
smaller than those obtained by dHvA and SdH oscillation 
measurements,7) and this difference can be explained by 
considerable electron-electron interaction in the system 
(Kohn's theorem).13,14) However, the FS of this salt is very 
complex at this temperature. Therefore, we could not clarify 
which resonance corresponds to the FS's closed orbit. Thus, 
our strategy is to attempt magnetooptical  measurements of 
organic conductors which have a simple FS to determine the 
relationship between the cyclotron mass and Kohn's theorem. 
Moreover, recent magnetooptical measurements studies have 
shown that the mechanisms responsible for resonant 
absorption are quite different from conventional CR. There 
are  two interesting predictions of harmonic resonances which 
are based on a simple FS structure.15,16) One is a harmonic 
cyclotron resonance (HCR),15) and the other is a periodic orbit 
resonance (POR).16) HCR predicts the presence of high-order 
CRs which are associated with the higher harmonics of 
oscillating real-space velocity of charge carriers in cyclotron 
orbits around the FS pockets, which does not predict even 
harmonics. POR is a resonance coming from the conductivity 
along the least conducting direction, which arises from 
periodic motion in a plane perpendicular to the applied 
magnetic field where second and third harmonics are predicted. 
Therefore, conductors with a simple FS are advantageous to 
observe these predicted new types of resonances. (BEDT-
TTF)2Br(DIA) (DIA = diiodoacetylene) is a new q2D conductor 
with a very simple FS synthesized by Yamamoto et al. 17) 
One of the interesting features of the structure is that the 
supramolecular ...Br...DIA... chains are formed. The donor 
molecules fit into the channels formed by the one-dimensional 
chains along the a-c direction. SdH and AMRO measurements 
have already been  performed by Uji et al. and the results 
indicate the presence of q2D FS with an elliptic cross-
sectional area.18) We will report our results of magnetooptical 
measurements of (BEDT-TTF)2Br(DIA) which has a simple 
electronic structure and discuss the obtained effective mass in 
this paper.
We performed magnetooptical measurements using a 
cavity perturbation technique with a millimeter vector 
network analyzer (MVNA)  at IMR, Tohoku University. The 
experimental setup can be found in ref. 19 and we refer the 
reader to a series of articles on the cavity perturbation 
technique.20-24) The basic principle of the cavity perturbation 
technique can be described as follows. Provided that a sample 
placed inside a resonant cavity acts as a small perturbation of 
the electromagnetic field distribution within the cavity, we 
can determine the complex electrodynamic response of the 
sample from the changes of the quality  factor of the 
resonance (Q) and the resonance frequency (w0). For a 
conducting sample, changes in quality factor and resonance 
frequency are directly related to changes in the surface 
impedance Zs=Rs+iXs , where Rs is a surface resistance and Xs 
is a surface reactance. The dissipation, which occurs at the 
surface of the sample due to Rs, generally causes changes in 
quality factor Q, while the dispersion, governed by Xs, results 
in changes in resonance frequency w0. The amplitude "A" and 
phase "f " of the electric and magnetic fields of the 
electromagnetic waves in the cavity can be written as follows.
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where A0 is the notional amplitude of the field supplying 
energy to the cavity and w is the frequency used. Therefore, 
we used MVNA to monitor the phase and amplitude of 
millimeter-wave radiation transmitted through a resonant 
cavity containing the sample under investigation. The typical 
sample size used for this study was 1x1x0.1 mm3 and the 
static magnetic field was always applied perpendicular to the 
conducting plane (H//b*). Cylindrical cavities were used for 
this study and the frequencies used are around 58 GHz and 72 
GHz whose cavity mode corresponds to TE011 and TE012, 
respectively. We performed two sample positions for this 
measurement (pillar and end-plate configurations). In the end-
plate configuration, the sample was set on the end-plate (Fig. 
1(a)) and notice that the mode coupling is always H field 
coupling. In the pillar configuration, the sample was set in 
the middle of the cavity using a polyethylene pillar which had 
been set in the opposite side of the coupling hole (Fig. 1(a)). 
This configuration has a different coupling mode by using 
different frequency. We have an E field and H field couplings 
when using 58 GHz (TE011) and 72 GHz (TE012),  
respectively. For the H field coupling, an induced current 
rounds the sample (Fig. 1(b)). For the E field coupling, the 
currents will flow within the plane surface from the sample 
edges and faces (Fig. 1(c)) (See discussion in ref. 25). There 
are always skin-depth effects in high-frequency measurements 
for conducting materials. However, the in-plane and interlayer 
conductivities differ considerably (the interplane conductivity 
is 3 to 4 orders of magnitude smaller) for q2D BEDT-TTF 
salts. Thus, the interplane skin depth (d^) will be larger than 
the skin depth for in-plane ac currents (d//). This is why so 
many papers suggest that the interplane ac 
magnetoconductivity is mainly probed for this type of 
measurement.16,23-25) The in-plane and interplane dc 
conductivities of (BEDT-TTF)2Br(DIA) are around 103 and 1-
10 S/cm , respectively, which are relatively lower than those 
of other BEDT-TTF salts. These correspond to 6.5 and 65-
210 mm of in-plane (d //) and interlayer (d^) skin depths, 
respectively, when using 60 GHz. Regarding the relative 
contributions of the dissipation within the sample, the 
dissipation is governed by Rs which is proportional to the 
skin depth. This means that the ratio of the power dissipation 
due to interlayer (P^) and in-plane (P //) can be written as 
P^/P//=a^d^/a//d// , where a^ and a// are appropriate areas for the 
surface across which current flows.25) Thus, the power 
dissipation ratio for this sample would be around 1-3.2, which 
suggests that interplane conductivity will be mainly probed, 
but we have also the possibility to observe both in-plane and 
interplane ac conductivities.
Figure 2(a) shows typical spectra of (BEDT-
TTF)2Br(DIA) at 0.5 K in the pillar configuration using 
several frequencies. This is the sample configuration when we 
successfully observed conventional CR with another q2D 
organic conductor, q-(BEDT-TTF)2I3 .9) At each frequency, we 
can observe  several harmonic absorptions which become 
larger as the field increases. We show in Fig. 2(b), the 
inverse-field plot of the spectrum at 72 GHz (TE012). It is clear 
that the harmonic absorption lines appear periodically as a 
function of the inverse field. If the resonances are HCR or 
POR, the resonance condition will be w=nw c , where 
wc(=eB/m*) and w(=2pn) are the cyclotron and microwave 
frequencies, respectively, which cause nth-order higher 
harmonics (n will be an odd number if HCR is observed.).15,16) 
We point out that these resonances are different from Azbel'-
Kaner CR or Gor'kov-Lebed' CR, 26,27) because the skin depth 
of organic conductors is relatively larger than the cyclotron 
radius (e.g., ~1 mm for 60 GHz). From the condition 
mentioned above, the resonance periodicity against the inverse 
field should be described as follows.
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where Bn is the resonance field of nth-order harmonics and m* 
is the cyclotron effective mass. Therefore, from the periodicity 
of the resonances in Fig. 2(b), the estimated effective mass 
would be around 4.4me. Then, the order of higher harmonics 
would be given by
n = w
wc
=
2pnm*
eB
. (4)
Therefore, the strongest absorption corresponds to the second 
harmonic; we have observed harmonics up to the 7th order 
(n=1 resonance was not observed in this configuration). We 
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note that this is the first observation of higher order 
harmonics in the field of organic conductors. We consider that 
the sample condition (i.e., skin depth, sample size) was 
appropriate for observing higher harmonics. Figure 3 shows 
the temperature dependence (from 0.7 K to 4.2 K) of the 
spectra around 58 GHz (TE011) in the pillar configuration. The 
harmonics become more apparent as the temperature 
decreases. The effective mass estimated from periodicity is 
around 4.6me. We do not think the broad absorption seen 
around 13 T at 0.7 K is intrinsic, because the peak 
disappeared with increasing temperature and n=1 resonance 
should appear at around 9.5 T. The harmonics up to the 6th 
order were observed at 58  GHz and the second harmonic still 
remains the strongest resonance. Therefore, we conclude that 
the observed resonances are POR, since  the second harmonic 
is expected to be the strongest for POR.16) It remains an open 
question why conventional CR has not been observed in this 
configuration. POR is a result of multiple cyclotron-
resonance-like features in the conductivity along the least 
conducting direction (s^ in Figs. 1(b) and 1(c)).16) Thus, the 
lineshape for POR should be sensitive to the electrodynamics 
around the sample. However, there is not a significant 
difference in the lineshapes at 58 GHz and 72 GHz in Fig. 
2(a), while the induced currents are completely different with 
different frequencies (i.e., different coupling modes). This 
may be due to the ambiguity of the coupling mode when 
setting the sample in the middle of the cavity. Therefore, to 
clarify this problem, we performed measurements in the end-
plate configuration whose coupling mode will always be H 
field coupling.
Figure 4 shows the typical spectra at 0.5 K in the 
end-plate configuration using different frequencies. Each 
spectrum was normalized so that the horizontal axis 
corresponds to the cyclotron mass. In general, the H field 
coupling mode is the ideal configuration for observing ESR 
signals. Thus, ESR signals are clearly observed in this 
configuration, which confirms the ambiguity of the coupling 
mode in the previous configuration. The strong absorption at 
2.7me corresponds to the second harmonic; the n=1 resonance 
is observed at around 4.7me, which has not been observed in 
the pillar configuration. The linewidth of the second 
harmonic in the end-plate configuration is larger than that in 
the pillar configuration. This may suggest that the interlayer 
conductivity (s^ in Fig. 1(b)) is dominant in the end-plate 
configuration, and that a mixture of interlayer and in-plane 
conductivity (s^, s //) is observed in the pillar configuration. 
However, a higher order of harmonics (i.e. 5th, 6th, 7th) was 
not observed in this configuration. The in-plane conductivity 
s// might play an important role for the observation of the 
higher order of harmonics.
Figure 5 is the inverse-field plot of the spectrum 
shown in Fig. 4  (Note that the horizontal axis is normalized 
by n , using the cyclotron mass value estimated by the 
periodicity of the harmonics, 4.4me and 4.8me for 58 GHz and 
72 GHz, respectively). Due to the difference between the direct 
cyclotron mass value and the estimated mass from periodicity, 
there is a slight deviation of the second harmonic in Fig. 5. 
We could not determine whether the n=1 resonance is a 
fundamental POR or a conventional CR. In the pillar 
configuration, no conventional CR was observed; thus, this 
may suggest that n=1 resonance is a fundamental POR. 
However, the problem still remains why it was not observed 
in the pillar configuration. If it is a fundamental POR, the 
observation of n=1 resonance may due to the sample 
misalignment or a tilting of the FS warping plane away from 
the conducting plane.16) The reason why the POR is observed 
in (BEDT-TTF)2Br(DIA) while the conventional CR is 
observed in q-(BEDT-TTF)2I3 is a very interesting problem. 
The difference in the skin depth and the size of each sample 
seems a likely explanation, but it is still under discussion and 
remains as a subject for future study.
In most organic conductors, smaller effective masses 
were obtained in the cyclotron resonance experiment than 
those of SdH and dHvA oscillation measurements. However, 
for (BEDT-TTF)2Br(DIA), the effective mass obtained  by 
SdH measurement,28) 4.3me, is close to the mass obtained in 
this measurement (i.e., ~4.7me). Kanki and Yamada have 
calculated the effects of electron-electron interactions on 
cyclotron resonance frequency on the basis of the Fermi liquid 
theory.14) They suggest that the cyclotron masses strongly 
depend on the characteristics of the material (such as band-
filling or symmetry of FS) and in some extreme situations 
such as near half-filling on square lattice (four-fold 
symmetry), cyclotron effective masses can be comparable 
?
with the effective mass obtained by SdH or dHvA 
measurements. Similar to other (BEDT-TTF)2X compounds, 
the band-filling for (BEDT-TTF)2Br(DIA) is 3/4. Thus, this 
may not explain the comparable effective mass. However, 
recent POR results also revealed a similar effective mass 
value with quantum oscillation measurements,24,29) which 
may suggest that the effective mass is enhanced for POR 
arising from the elliptical FS (two-fold symmetry) and is 
different from conventional CR masses.
In summary, we have performed magnetooptical  
measurements of (BEDT-TTF)2Br(DIA), and successfully 
observed POR up to the 7th order which may arise from an 
elliptic q2D FS. The obtained effective mass is consistent 
with the SdH measurements. Further angle dependence 
measurements are required to determine the ellipticity of the 
FS.
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Fig. 1
(a) Sample configuration and coupling mode in the cavity (in 
the case of TE011).
(b) Induced current in the case of H-field coupling. 
(c) Induced current in the case of E-field coupling.
Fig. 2
(a)Typical cavity transmission spectra of (BEDT-
TTF)2Br(DIA) observed at 0.5 K in the pillar configuration.
(b) Inverse-field plot of the 72 GHz spectrum. The line shows 
the harmonic number.
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Fig. 3
Temperature dependence spectra of (BEDT-TTF)2Br(DIA) at 
around 58 GHz. 
Fig. 4
Typical cavity transmission spectra of (BEDT-TTF)2Br(DIA) 
in the end-plate configuration at 0.5 K (see text for details). 
The arrows show harmonics and triangles show ESR.
Fig. 5
Inverse-field plot of the spectrum shown in Fig. 4 (The 
horizontal axis is normalized by 'n' using the estimated 
effective mass).
?
